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INTRODUCTION
In recent years, the philosophy of science has undergone radical changes. With the decline of logical empiricism, it is not believed as widely as before that the source of scientific rationality can only be found in some system of formal logic or methodology. The philosophy of science, however, has not yet settled on a new, widely accepted path. Thus, fundamental questions are raised with respect to its scope, tasks, and methods. For example, what should supplement or replace the logical analysis of science? Should the philosophy of science be closely linked to the history of science or should it perhaps be converted into a science of science? There are however two prior, more fundamental, questions which have engaged traditional philosophers of science, and which are now posed more forcefully. The first question is whether the philosophy of science should adopt the task of appraising scientific claims; should it be content with the more modest aim of describing science, its methods and evolutionary patterns; or should it have both descriptive and prescriptive functions. The second fundamental question is whether the scope of the pilosophy of science should be restricted to the so-called 'context of justification' or should it also deal with the 'context of discovery'. The distinction between the two contexts is also questioned. The prescriptive-descriptive dichotomy and the discoveryjustification distinction evoke the cardinal issues related to the nature of the philosophy of science.
We will start by analysing the prescriptive-descriptive dichotomy and arrive at the conclusion that neither purely prescriptive nor purely descriptive philosophy of science are possible. We will devise a nonaprioristic scheme which can be viewed as a scheme of justification or as a scheme of explanation. As a scheme of explanation it will function as a science of science. Explanatory philosophy of science does not undertake the task of telling scientists how to do science. We will argue that it can serve instead as a 'therapeutic' aid for scientists.
These results will bear upon the discovery-justification distinction. Traditional philosophy of science deals only with the context of justification or evaluation, leaving the context of discovery to a descriptive science such as psychology. In our scheme of justification the context of evaluation, too, is amenable to scientific investigation. In fact, the entire distinction becomes blurred.
I J U S T I F I C A T I O N VS. E X P L A N A T I O N
I. I
Justification and Paradigms of Rationality
I. I. I Science as a Goal-Directed Activity
The main stream of traditional philosophy of science starts off with a normative or prescriptive attitude. It seeks rationality in science, i.e, it looks for the logic and reasoning behind scientific acts. Scientific rationality depends on the goals of science. It is therefore the first task of the philosopher of science to uncover these goals. If the goals are known, the philosopher can try to answer the question as to whether or not the proposed means for achieving them are appropriate-i.e. rational. Most traditional philosophers of science have taken for granted the assumption that the main goal of science is reaching comprehensive truth about the world. The goal of explaining natural phenomena is related to the above goal.
Truth is a property of statements. Therefore, assigning to science the goal of truth means that the task of science is to generate true statements about the world. Hence, the rules of propositional calculus or predicate calculus, of classical logic, are the natural candidates for showing us how to do good science. If we see the task of science as generating statements which are highly probable rather than true, then some theory of probabilistic inference will guide us in doing science rationally. Thus, deductive, inductive or probabilistic inference schemes will be the basis for rational acts in science. Adopting this approach, which may be called 'logicism', the philosopher of science views science as an 'inference machine'. Logicism has faced insurmountable difficulties. Some of these difficulties are related to the impossibility of reconciling many of the actual acts and decisions of scientists throughout the history of science with those recommended by logicist methodologies. One could assume that this might lead philosophers of science to review their fundamental presuppositions. One such presupposition is that science is a truth-seeking system.
If we abandon this presupposition while still believing that science is a goaldirected activity, we can try to suggest alternative goals. We may do this by examining the declarations of the scientists themselves throughout the history of science. We will find out, indeed, that there are other declared goals besides the goal of truth. For example, the following three goals are very often cited:
(a) The goal of predicting natural events and phenomena. (b) The goal of constructing a n economical theoretical system which will entail our observational statements. (c) The goal of advancing technology and mastering nature.
A more radical approach is to look for the goals of science in the realm of the subconscious, i.e. to look for collective motives which scientist are not aware of. Scientists declare that they seek comprehensive truth, objectivity, etc., but their real motives may be psychological or social. For example, John Ziman suggests [I9681 that the goal of the scientific community is to arrive at a consensus, rather than truth; this goal of consensus is what distinguishes science from other human activities. This approach treats science as a social or even biological phenomenon. Scientists are not free to choose their goals: they can only choose to participate in the process and obey the rules of the game, without being fully aware of its significance. This being the case, the activity of the individual scientists cannot be judged by a standard of rationality, as if it were a goal-directed activity. The individual soldier is not always aware of the goals of the army as a whole: for example, he may get an order to retreat while the army advances.
I. I .2 The Dilemma of the Normative Methodologist and Goodman's Solution
The paradigmatic model which guides the normative philosopher of science with the goal of truth in mind, is deductive logic. Logic yields prescriptive criteria for deductive validity of reasoning. These criteria do not attempt to describe how people actually reason but how they should reason. When people violate the rules of logic the logician would say that they are in error. Similarly, criteria of scientific rationality are not intended to be descriptions of how scientists actually reason, but rather how they should reason. There arises the question from where does the normative philosopher of science take his rules of rational reasoning, and how does he justify them. If his theory of rationality is derived from a first philosophy or a priori principles, such as the principles of logical reasoning, then the problem of possible violations of his recommendations in actual science will arise. He would face serious difficulty if, in the light of his first philosophy, he recommended abandoning some of the central ingredients of scientific practice. Such science could turn into philosophically fabricated science; the most celebrated successes of actual science might not have been achieved had scientists adopted his methodology. Thus, the philosopher who attempts to deal with real science and not with an ideal system of reasoning must keep an eye on the history of science. On the other hand, as a normative philosopher he should justify the methodological rules he prescribes, in light of the goals of science. Thus, the normative philosopher of science faces a dilemma: on the one hand, he wishes to maintain the notion of justification; and on the other hand, to avoid a situation where justified rules of inference are systematically violated by most scientists most of the time. He has to choose between abandoning his first philosophy or rejecting most of the celebrated chapters of science as irrational or nonscientific. For example, an empiricist philosopher may adopt the epistemological view that only observation sentences are justifiable. He may draw from this the methodological rule that only theories which are wholly reducible to observation sentences are scientific. If he then finds out that Newtonian mechanics or quantum mechanics cannot be wholly reduced to observation sentences, he must either conclude that modern physics, which is erected upon these theories, is nonscientific or nonrational, or abandon his first philosophy as a theory of rationality. The first possibility is bad since it means killing science altogether. The second is worse since a first philosophy is, by definition, irrefutable by facts.
Nelson Goodman provides us with an escape from this dilemma. With his approach we also avoid the task of finding out what the goals of science are; the justification of methodological rules is not dependent on the goals of science. Goodman starts with an analysis of justification of deductive rules. This analysis prevents the possibility of a fundamental disagreement between logical theory and common sense arising:
Principles of deductive inference are justified by their conformity with accepted deductive practice. Their validity depends on accordance with the particular deductive inferences we actually make and sanction. If a rule yields inacceptable inferences, we drop it as invalid. Justification of general rules thus derives from judgements rejecting or accepting particular inferences . . . A rule is amended if it yields an inference we are unwilling to accept: an inference is rejected if it violates a rule we are unwilling to amend. ([1965] , pp. In other words, the justification of rules of inference is not based on a yriori principles, but on their accord with inferential practice. This scheme contains a prescriptive element since 'an inference is rejected if it violates a rule we are unwilling to amend.' Note that the reason for this unwillingness is not specified: it is treated as a given fact. Stephen Stich and Richard Nisbett describe this sort of accord by saying that a justified rule is in 'reflective equilibrium' with inferential practice ([1980], p. 190) : they borrowed the term from John Rawls ([1971], p. 20) . We would add that this equilibrium should be dynamic, if we wish to entertain the possibility of changing our attitude towards rules and particular inferences as our reasoning experience evolves.
Goodman generalizes this view of justification to include inductive reasoning: rules of induction are justified by their being in reflective equilibrium with inductive practice. We may further generalize this analysis to include all methodological rules in science: for example rules of confirmation or falsification, or acceptance or rejection, of scientific theories and observational statements. Methodological rules may be rules of inference or rules which guide decisions, e.g. decisions to accept or reject theories, decision to perform certain observations or experiments, etc. This approach to methodological rules does not presuppose any particular goals for science, or that science is a goal-directed activity at all. Its validity merely derives from its accord with scientific practice. If, however, we assume that science is goal-directed, then the line of reasoning with respect to the goals of science is reversed here: when a stable set of rules is found to be in reflective equilibrium with the inferences and decisions of a given community (e.g. the whole scientific community or a community of scientists engaged in a specific branch of science) we assume that rational behavior in that community means obeying these rules. This means that rationality is not universal but is community-dependent. Given the rules. we can infer or hypothesize what possible goals the community attributes to science. For example, if we find that physicists are guided by a methodological rule which requires conducting active experimentation rather than making only passive observations we may come to a conclusion that one of their goals is to reproduce and control natural phenomena, or to advance technology (Kantorovich, [1982] ). The goal of attaining true descriptions and explanations of natural phenomena cannot by itself explain why, for example, particle physicists produce more and more new, short-lived particles at higher and higher energies. It seems that by using this method of active research, physicists create artificial phenomena rather than discover natural phenomena. We can imagine a science which would not intervene in the natural course of events and would only be engaged with recording natural phenomena. Indeed, such a passive approach was actually adopted before the emergence of modern experimental science. Thus, the goal of controlling natural phenomena and advancing technology can be seen as one of the goals which distinguishes modern natural science from its predecessors.
I. I .3 Justification and Explication
Goodman's approach to justification is closely related to the notion of explication of intuitive rules. Carnap introduced this notion while attempting to explicate various concepts of probability and induction. By 'explication' he meant formalization or axiomatization. Explication transforms vague concepts used in ordinary or scientific discourse into clearer concepts the rules of use for which become rigorous. A good explication should achieve a good adjustment between the formal system and the intuitive concepts. Such a process can expose and remove inconsistencies in the use of the intuitive concepts.
Mary Hesse advocated reducing the problem of justification of induction to the problem of explicating intuitive inductive rules. According to Hesse the process of explication is divided into two tasks:
(i) To formulate a set of rules which capture as far as possible the implicit rules which govern our inductive behavior. (ii) To formalize these in a n economical postulate system ([I 9 741, p. 9 7)
An example for a rule of induction generated at stage (i) is the rule of enumerative induction, which can be formulated as follows: 'An empirical generalization should be increasingly confirmed by observation of an increasing number of its positive instances and no negative instance.' Another example for a presystematized rule is the following rule which Hesse subsumes under the category of induction, but which can just as well be classified into the hypothetico-deductive method: 'A hypothesis should be strongly confirmed by the observation of the truth of one of its logical consequences which was not expected before the hypothesis was proposed.' A formal system most appropriate for explicating such rules of scientific method is probability theory. In such a system the probability of a theory, for example, explicates its degree of confirmation.
Let us now compare Hesse's two-stage scheme with Goodman's notion of justification. At first sight we might be tempted to identify the process of reaching reflective equilibrium with stage (i); that is, the presystematized rules of inductive inference are perhaps formulated via an interaction with inductive practice, and thus justified. However, Hesse seeks justification specifically for the postulates of the formal system generated at stage (ii) and not just for the inductive rules formulated at stage (i): a sufficient, and perhaps the only possible, justification of a set of postulates of inductive inference would be that they form a 'good explication' of the intuitive inductive rules. Justification in this sense resides in the interaction of postulates and rules and not in any external support for the postulates independently of the rules. (ibid, p. 98) Goodman refers to two methodological levels: (a) particular inferences, or inferential practice, and (b) principles or rules of inference, where the latter need justification. Hesse refers to three levels: (a') implicit inductive rules: (b') an explicit set of rules: and (c') a formalized system, where the postulates of the latter need justification. The following table lists the methodological levels of the two schemes.
Goodman Hesse (a) particular inferences (a') implicit inductive rules (b) rules of inference (b') explicit inductive rules (c') formal system
The implicit rules of level (a') govern the inferential practice of levels (a). Furthermore, levels (b) and (b') are identical. We can therefore identify stage (i) of the explication process with the process of reaching reflective equilibrium between rules [level (b)] and practice [level (a) ]. This process, according to Goodman, provides justification to the rules. According to Hesse, however, the justification is shifted 'upwards' to the formal system [level (c')] and it is attained through the interaction of the system with the rules.
I. I .4 Paradigms of Rationality
I now propose a scheme of justification which employs the major elements from the above two approaches to justification. The central role in this scheme will be played by a notion which I call 'paradigm of rationality.' This notion will contribute to the normative dimension of the scheme. As we will see, it is akin to one of the uses Thomas Kuhn makes of his notion of paradigm. The paradigm of rationality replaces the first principles of rationality of the aprioristic philosophy of science. However, unlike the latter the paradigm of rationality is not eternal, and may undergo changes with the evolution of science.
The structure of our scheme of justification can be represented by analogy with the structure of theoretical explanation peculiar to modern science. We can describe such a process of explanation as a n interplay between the following layers of scientific knowledge: (a) observational data, (b) empirical generalizations, (c) a n explanatory theory and (d) the general world picture prevailing in science. For example, the kinetic theory of gases [layer (c)] explains the empirical laws describing gas behavior, such as Boyle's law, GayLussac's law and the ideal gas law [layer (b)], which 'summarize' the observational data [layer (a)]. According to the view of explanation which I will adopt here, not every theory which entails empirical generalizations explains them; a necessary condition for a theory to be explanatory is that the theory comply with the world picture. For example, an explanatory theory in 19th-century physics had to comply with the mechanistic-corpuscularian world picture [layer (d)]. The kinetic theory not only entailed the gas laws, but also explained them, since it complied with that world picture. Furthermore, only empirical generalizations which are faithful to the observational data are candidates for explanation. In the context of scientific explanation this requirement seems trivial; no one would suggest explaining 'laws' or 'generalizations' which contradict most of the data. An explanatory theory, however, may somewhat correct the original generalizations. For example, Newtonian theory entailed a corrected version of Kepler's original laws of planetary motion which it intended to explain. Furthermore, the explanatory theory may, or should, predict new laws. If the modified generalizations or the new laws agree with the data, the theory is strongly confirmed.
Our scheme of justification can likewise be divided into four layers respectively: (a) particular scientific inferences and decisions ('scientific practice'): (b) methodological rules; (c) a methodological theory, which may be a formal system (such as Hesse's) but not necessarily: (d) the paradigm of rationality. According to the conception of justification I propose here, a methodological theory justifies the methodological rules which it entails only if it complies with the paradigm of rationality. This is our first condition for justification.
Before trying to characterize in general the notion of 'paradigm of rationality' let us illustrate its meaning by means of some examples. First, let us consider logicism. If we do not treat logicism as a priori valid, we may treat it as one possible paradigm of rationality. This paradigm views science as proceeding by inferences. The goal of science is generating true, or approximately true, statements or to eliminate false statements. In order to achieve this goal, scientists should obey prescribed rules of inference. This view of science would require the construction of a formal system analogous to, or an extension of, deductive logic. Possible methodological theories which comply with this paradigm are inductive logics, probabilistic confirmation theories such as Bayesian theory or falsificationist methodology. (Falsificationism may alternatively be subsumed under the paradigm of 'evolutionism' which will be mentioned below.) Hesse's scheme may be viewed as such a methodological theory, provided the requirement for a formal system is not treated as an a priori requirement.
Another example is sociologism, which views science as a social phenomenon. This view may have a number of versions: e.g, science as a tool for the advancement of society, or in particular of technology, or science as a tool for achieving particular social goals. If the goal is advancing technology, a methodological theory should imply rules of preference for research topics or rules for choosing between theories according to their technological utility.
Finally, let us consider the paradigm of evolutionism, i.e. science as an evolutionary phenomenon analogous to, or constituting a continuation of, organic evolution. One possible methodological rule which might be mentioned in this context is the need for proliferation of hypotheses such that there will be great variability, this being the source of evolutionary progress. Another possible methodological recommendation derived from this paradigm pertains to the manner by which hypotheses should be generated, i.e. independently of the data and of the problems to be solved (blind variation). Finally, rules of elimination and falsification (selection) are indispensable to this paradigm.
How we can generalize from the above examples in order to characterize a paradigm of rationality? First, it should be noted that in each of the above cases there is more than one methodological theory which complies with, or is implied by, the paradigm of rationality. Hence, a paradigm of rationality cannot be equated with a methodological theory. Second, each of the above paradigms says something about the nature of science and its goals; each sets a general theme for science: 'science as an inference machine', 'science as a social phenomenon' or 'science as an evolutionary system'. Third, since the paradigm of rationality specifies the goals of science or its general nature, it implies general requirements to be met by a methodological theory.
Our second condition for justification is that the justified methodological rules be faithful to scientific practice, i.e. that they be in reflective equilibrium with scientific practice. In other words, our notion of justification can be applied only to rules which accord with scientific practice. This is analogous to the notion of explanation which can be applied only to empirical laws or generalizations which accord with the observational data. This condition guarantees that we will not generate justified methodological rules which are not adhered to by practicing scientists. Philosophers of science who base their methodology on a first philosophy do generate justified rules which are not obeyed in actual science, hence the above condition is not trivial as is its counterpart in the scheme of scientific explanation.
Our scheme, however, is normative or prescriptive. As in Goodman's approach, we can sometimes refuse to amend a rule which does not accord with a particular scientific inference or decision. Our paradigm-guided scheme gives us a definite reason for refusing to amend a rule when it is entailed by an established methodological theory which complies with the paradigm of rationality. Therefore, when a particular inference or decision violates such a rule, we will reject such an inference or decision. However, a paradigm of rationality which leads us to rule out some important particular inferences and decisions, or a large proportion of scientific practice, should in the long run be amended or be replaced by a new one.
Thus, the normativity of our scheme is expressed by the fact that it may lead to the rejection of particular inferences or decisions, and by the fact that it lends justification to particular inferences or decisions which comply with the methodological rules. However, this is not an aprioristic justification, since the methodological rules have themselves been justified by being in reflective equilibrium with scientific practice and by complying with the paradigm of rationality.
According to this approach the system of methodological rules is dynamic; it may incorporate new rules or drop old ones, according to the changing practice of science, on the one hand, and the changing image of science and scientific rationality, on the other hand.
Hence, the standards of rationality are not dictated entirely from outside science by some first philosophy. They are rather drawn from both the practice of science and the paradigm of rationality. The paradigm of rationality in its turn interacts with scientific practice through the methodological rules. Let us give a hypothetical example for the interaction between the different layers of the scheme. Let us assume that we start with a logicist paradigm of rationality. At a later stage considerations of technological utility may infiltrate the paradigm of rationality and give more weight to theories which lead to technological advance. At this stage new modes of inference or methodological rules may appear which lead to successful technological inventions. For example, if according to the logicist approach two competing theories have equal methodological merits, but only one of them leads to a discovery which opens the way to a useful technology, the latter may be considered to be confirmed to a higher degree. If it happens that these modes of inference do not comply with the existing logicist rules, they may nevertheless be assimilated into the system of methodological rules, reinforcing the technologically oriented trend of the paradigm of rationality.
I. I. 5 A Historicist Paradigm of Rationality
We may come to the conclusion that certain celebrated chapters in the history of science set up novel standards of rationality which cannot be reduced to one of the above-mentioned paradigms of rationality and their like. We may base our decision as to what chapters to choose as paradigmatic cases on the judgements of scientists; we can look for the paradigmatic cases on which scientists model the methods and procedures they adopt in conducting their research.
One might adopt, for example, the Newtonian model of scientific research as a paradigm of rationality. The methodological theory which might be drawn from this model may require the search for dynamical laws which explain empirical laws. Here again, there may be different methodological theories which can be drawn from this paradigm. Thus, instead of classical logic as a model for science we have a specific chapter from science as a model. If this model yields results which do not accord with some scientific practice which we do not want to reject, the paradigm of rationality should be modified. Perhaps we will be led to the conclusion that the standards of scientific rationality change with the history of science, possibly with some hard core remaining unchanged.
Indeed, more and more philosophers of science who have freed themselves from the logicist paradigm are ready to learn from the history of science. They try to construct theories of science which draw lessons from the history of science. Imre Lakatos' methodology of scientific research programs (Lakatos, [19 701 ) and Larry Laudan's problem-solving approach to scientific rationality (Laudan, [1977] ) are examples for a methodological theory which is strongly inspired by case studies from the history of science. Thus, the philosopher of science who adheres to this approach would expect that scientists be guided by a paradigm of rationality modelled on past achievements of science. The nonreflective scientist may not be aware of the fact that he is imitating certain models of doing science, or of what models he is imitating. The philosopher of science, from his external vantage point, may expose the model imitated. Having a historical perspective, he will discover that this methodological pattern has characterized science throughout its history.
The following are examples of methodological models which have been repeatedly followed in physics: (a) the use of explanatory theories; (b) the procedure of starting with an ideal or simplified model and adjusting it to the data (examples are the kinetic theory of gases, the Bohr-Rutherford atomic model or the early quark model); and (c) the general procedure of drawing analogies with known phenomena or entrenched theories. The viability of this last methodological practice can be illustrated by a recent example, namely the analogy made between the nuclear force and the interatomic force:
The electromagnetic force binds electrons and nuclei to make atoms. The atoms, although they are electrically neutral, interact through a residual electromagnetic force to form molecules. The strong force binds quarks to make protons, neutrons and all other hadrons, and the residual strong force between protons and neutrons is the so-called nuclear force that binds them into nuclei. (Haber and Kane, [1986] ).
According to the above view scientists are not engaged merely in learning facts about the world, but also in learning how to learn, or learning how science learns from experience. Science produces, therefore, a second-order knowledge, i.e. knowledge about scientific knowledge. This is exactly what is done in machine learning. Expert systems, for example, are fed by information drawn from experts. This information summarizes not only their factual knowledge, but, more importantly, the rules which guide their problem-solving activity. These rules, which are nonformal and intuitive, constitute the heuristic of the given field of knowledge. An historicist or internal paradigm of rationality, likewise, serves as a kind of a heuristic which is drawn from the practice of leading scientists in successful phases of the history of science. There may be different heuristics, i.e. paradigms of rationality, in different branches of science, and in different periods.
Let us call this general conception of rationality 'the historicist conception of rationality'. According to this conception, the paradigm of rationality which guides scientists at a given period is a product of a long-term historical process. The historicist conception of rationality is still normative, even though to a minimal degree; the sources of normativity are selected chapters from the history of science.
In sum, the nonaprioristic approaches to scientific methodology take into account scientific practice which should be in reflective equilibrium with the rules derived from the methodology. In the historicist case the history of science is reflected also in the paradigm of rationality. Thus, the dichotomy between prescriptive and descriptive methodologies becomes blurred; a purely prescriptive philosophy of real science is impossible. In the next section we will see that a purely descriptive philosophy of science, too, is impossible. In the previous section we described a philosophy of science the starting point of which is normative or prescriptive. We will now consider the implications when the point of departure is descriptive. First we have to see how a descriptive philosopher of science is different from a historian of science. A historian of science cannot be a neutral observer and describe the 'mere' facts since he has prior expectations and attitudes towards science, and he has initial concepts by which he comprehends the phenomena of science. As Lakatos puts it: 'history of science without philosophy of science is blind'. (Lakatos, [1971] , p. 91) What then is the difference between the two, if any? A minimalist historian of science might be distinguished by his intention to be as 'neutral' as possible, i.e. to describe the empirical facts and to avoid using laws or theories as far as possible. On the other hand, the descriptive philosopher of science, being a philosopher or a methodologist, expects to find in science methods and general characteristics. He expects science to be a rule-governed phenomenon. Such a position involves an intention to analyse, to generalize or to theorize and not just to remain on the level of reporting what scientists do. However, since he does not intend to be prescriptive, he would not adopt a scheme of justification such as those described above.
The Problems of the Descriptive Approach
The descriptive philosopher of science will not find any list of explicit and clear methodological rules which guide scientists in their work. Although some general methods of science are occasionally discussed in scientific literature, there is no general agreement with respect to their clear formulation. Furthermore, scientists do not learn their profession by studying a methodology. One of the lessons which a graduate student learns when he turns to actual research is that he has to ignore many of the nice and neat principles and slogans he has learnt during his undergraduate studies, in particular some of those principles which are supposed to constitute the scientific method.
Even when great scientists mention certain methodological principles, the philosopher of science may find that the scientists do not actually adhere to them. Perhaps the most conspicuous example of this appears at the very beginning of modern science. Isaac Newton, who declared 'hypotheses non fingo' or 'I feign no hypotheses', created one of the most celebrated hypotheses in the history of science. Newton's theory of gravitation and motion goes far beyond common-sense experience, and has far-reaching predictions, some of which were not dreamt of by Newton's generation. Newton's use of the term 'hypothesis', however, is different from that of 20th-century physicists and philosophers of science. In one case, for example, he uses this term to mean a proposition which refers to 'occult qualities' which are not observable or measurable. This indicates another problem with which the descriptive philosopher of science is faced. Contemporary examples are abundant. A typical example is that of the theoretical physicist who emphatically declares that his theories are nothing but an economical means of organizing observational data. The philosopher of science might point out that such a physicist employs the hypothetico-deductive method, where the theory goes beyond a mere summary of observed data. Another example is that of the scientist who claims that he is making observations in order to confirm a theory, but a philosopher (such as Karl Popper) might tell him that his experiments are actually attempts to refute the theory. Another philosopher (such as Thomas Kuhn) might tell him that he is just solving problems in the framework of a normal science.
Thus, the philosopher of science who views his task as descriptive, faces the problem that he cannot take at face value the declarations of scientists about the scientific method in general, and even about the principles which they employ in their own research. So perhaps a descriptive philosophy of science should not take very seriously what scientists say, but rather study how scientists actually do science. For example, the descriptive philosopher of science should study how scientists construct theories and check them against experimental results, and then he might try to analyse and generalize from his findings. However, here arises a problem which faces the historian of science: the philosopher of science does not encounter neutral facts when he studies science; already when he starts his study he has to choose where to look and how to interpret and categorize what he sees. By the metascientific terms he employs he tries to capture the data of science. The raw data may include scientific papers and reports, or conference proceedings, or letters (scientific products) or perhaps more abstract entities such as theories and experiments. Here there is a parallelism between a descriptive philosophy of science and science itself. It is a widely accepted view that there are no pure observational terms and statements in science; every descriptive statement employs theoretical terms and is loaded with theoretical assumptions. The same applies to descriptive statements about science.
The descriptive philosopher of science will naturally try to first use the metascientific terminology employed by the scientists themselves. As in the case of the scientists' declarations about the scientific methodology, however, he will very soon find out that there exists no such unified and consistent terminology. As we have seen from the example of Newton's use of the term 'hypothesis', metascientific terms may be interpreted in different ways at different times. Even in contemporary scientific writings, we do not find any systematic metascientific terminology. Metascientific terms as used by scientists are frequently ambiguous. The term 'science' itself conveys different meanings to different scientists. Terms such as 'theory' or 'model' are used with a variety of meanings. The term 'theory', for example, which is central to modern science and which is extensively used by scientists and philosophers, has a number of possible meanings, some of which are interrelated. A theory is: (1) a conjecture, as opposed to a solid factual statement; (2) a system of statements which employs so-called 'theoretical terms', i.e. terms which do not appear in the observational vocabulary; ( 3 ) an explanatory system, as opposed to an empirical generalization which does not explain but only describes and summarizes observational data; (4) a system of laws of nature; (5) an uninterpreted deductive system which is related to observational data through correspondence rules; or (6) a dynamic system which is not a system of statements at all, but which generates a succession of theory versions (statements) throughout its history. The historical entity called 'Newtonian theory', stretching from the 17th century till the end of the 19th century, exemplifies this last interpretation. Furthermore, terms such as 'theory' and 'model' are sometimes used interchangeably to refer to the same entity, e.g. the Bohr atomic model or theory. Methodological terms such as 'proof' and 'refutation' are frequently used misleadingly: scientists often claim that a certain theory was proved or refuted by experiment, whereas it is well-known that if theories are universal statements, they cannot be logically proved by any finite quantity of observational data. It is further known that logical refutation can be avoided by making ad-hoc modifications of the theory or the data, or by introducing some auxiliary assumptions.
Thus, the descriptive philosopher of science must choose for himself a proper metascientific terminology and a proper categorization of scientific activity and products. He may use in a more refined manner some of the terms employed by scientists. He may reinterpret other terms and add new ones: the terms 'research program' and 'paradigm' are examples of the latter. The choice of terminology and categorization will be made in compliance with criteria which guide the philosopher of science, such as fruitfulness or explanatory power.
Descriptive Philosophy of Science a s a Science of Science
In other words, the descriptive philosopher of science is led to play the role of a scientist: he will invent a scientific theory of scientific method or a scientific theory of science. If the term 'theory', for example, appears in such a metascientific theory, it will be a theoretical term.
When descriptive philosophy of science becomes a 'science of science' it may adopt some of the methodological principles it finds in science. The circularity of this situation leads to some questions. When the scientist of science starts investigating the methodology of science he has to start with some initial methodological rules which will guide his own investigations. What rules, however, will guide him before he has found what the rules are? The answer is that he will conduct his investigations as every scientist does-without necessarily knowing explicitly what the rules are which guide him. If there are any explicit methodological rules to which he adheres, they will be included in his initial hypothesis about the methodology of science. In any case, just as any scientist, he cannot start his enquiry without being equipped with prior views and assumptions, or with a preliminary, semideveloped theory. He will start his own investigations by using some of these methods. Later on he may change his views as a result of his investigations, with possible implications for his own methods.
It is not necessary, however, that the same methodological rules which the scientist of science claims to be effective in science will be the ones which guide his own investigations. For example, he may reach a conclusion that the methodology of science is pluralistic, and that the human or social sciences employ different kinds of methods than do the exact or natural sciences. If the science of science belongs to the group of human sciences and if the main concern of the scientist of science is to study the methodology of the exact natural sciences, then there will be no circularity here.
In the event that he concludes that there is a methodological core common to all sciences, the scientist of science should start with some methodological rules which, according to his hypothesis, guide all scientists. For example, if he offers a theory of confirmation which is supposed to be common to all sciences, this theory should be confirmed by its own standards. There is no selfsupporting circularity here, for it is entirely possible that a theory of confirmation may not be confirmed by its own standards. For example, suppose that according to a confirmation theory Tc, a necessary condition for a significant confirmation of a scientific theory is the occurrence of a successful prediction of a n event or a phenomenon which had been unknown and unexpected before the theory was invented. The theory Tc itself will not be confirmed before the philosopher of science finds a previously unknown event in the history of science which is predicted by Tc. It would lend confirmation to Tc if there were a scientific theory which explained beautifully a vast amount of known data and phenomena, with none of its predictions having been found to be false, but which has not been accepted because it has not predicted any novel phenomena.
The circularity which may arise in a scientific investigation of scientific methods would be vicious were we to claim that our methodological theory gave absolute justification to some methodological rules. Since our approach includes no such claim, the danger of vicious circularity is avoided.
Explanation Instead of Justification
If we treat our theory of science as an explanatory theory, it should explain the behavior of scientists, their inferences, decisions and acts. It may explain, for example, why scientists accept or reject a theory in a given situation-a situation which might be characterized epistemologically, sociologically or psychologically. (Epistemology is regarded here as naturalized, i.e, as part of psychology-as Quine [I9691 would have it-r even part of biology-as evolutionary epistemologists maintain. Hence it can be treated on a par with sociology and psychology.) It may explain why scientists perform certain experiments and why they are investigating a certain subject. This is in contradistinction to a normative theory of science which would prescribe which experiments should be done, which subjects should be investigated in certain methodological situations or which decisions are justified.
When the normative philosopher of science observes a case where his prescribed rules are violated by scientists, he says that the scientists are acting irrationally, or that they are committing a fallacy. In Goodman's approach such a fallacy is relative to the collective practice of the scientific community as it is reflected in the rules. In our scheme the fallacy would be regarded also as relative to the paradigm of rationality. A parallel situation would arise in the scientific approach to methodology when scientists violate, by their decisions or actions, certain implications of an entrenched theory of science. The scientist of science would not say that these scientists are in error, but rather that the scientists in question are in deviation from the accepted patterns of behavior predicted by the theory. The theory may then predict that the scientific community will not accept their results or findings, or even totally ignore those scientists, If this prediction is violated, or if the majority of the scientists in a given field at a given period of time violate the rules or the patterns of behavior predicted by the theory of science, then such a situation would be treated as an anomalous phenomenon. The anomalous behavior should be explained by the theory in conjunction with some relevant information about the conditions under which these particular scientists (which may constitute the whole scientific community at a given period) are operating. This information may refer, for example, to psychological factors or to external social or political forces bearing upon the scientists. The explanation may require the introduction of some auxiliary assumptions; it all depends on the sort of methodology of explanation adopted by the theorist of science. The situation which faces the philosopher of science in this case resembles that of an anthropologist investigating a remote society or an unfamiliar culture. In his investigations he may develop a theory about the phenomena he encounters. The theory may be derived from his general view about the nature of societies and cultures, and from his observations in the field. The theory may then yield empirical predictions. If the anthropologist encounters violations of his empirical predictions he does not reject the behavior of the members of the society he investigates, but rather attempts to explain the violation.
There is one sense, however, in which the science of science may fulfill a prescriptive, though not a normative role. When the theorist of science has a successful explanation for 'deviant' behavior on the part of scientists this means that he knows which conditions caused the anomalous behavior. He may advise them to change their behavior by avoiding the problematic conditions and reintegrating with the 'normal' course of science. Scientists may well desire to receive such advice, for their 'anomalous' behavior will cause them problems, such as failure to achieve consensus in the community, or to arrive at explanations which are satisfactory according to their own standards. The status of such an advisory role is analogous to the status of psychotherapy, which attempts to overcome or avoid the conditions which are disturbing the patient. The psychologist does not claim any status of normativity; he does not consider the abnormal or disturbed pattern of behavior as bad. Psychological theory would only predict that in the abnormal course of behavior it is more likely that a person or a community encounter more problems, psychological and social. Thus the theory is prescriptive relative to a putative desire of a person or a community to avoid such problems.
The prescriptive element in the science of science is therefore not accompanied by a claim for normativity or justification, just as 'normal' emotional behavior is not claimed to be more justified than 'abnormal' behavior. Actually the advice which can be given to scientists is given by an applied branch of the science of science which serves scientists in response to their own desires, just as clinical psychology is an applied branch of psychology.
We can still employ our four-layered scheme to describe the structure of a descriptive philosophy of science as a science of science. The scheme of justification will turn into the original four-layered scheme of explanation which we have borrowed from science. Thus, scientific practice will be treated as the layer of empirical data. The methodological rules will become empirical laws. The methodological theory, or the theory of science, will become the explanatory theory. Finally, the paradigm of rationality will turn into the philosopher of science's general outlook on science, i.e. his Kuhnian paradigm, through which he views science as a phenomenon. The empirical laws, which include the methodological rules, summarize and generalize scientific practice. The theory of science, which complies with the paradigm, explains both rules and practice.
The same four-layered structure can be viewed as a scheme of justification or a scheme of explanation, depending upon the meaning attached to the paradigm. If the paradigm is a paradigm of rationality, we are in the realm of justification; if the paradigm is our general view of science as a phenomenon, we are in the realm of explanation. The dual structure is exhibited in the following diagram:
-
Explanation +
Let us illustrate this duality between justification and explanation with respect to logicism. When we treat logicism as a paradigm of rationality we mean that particular scientific inferences and decisions are justified only if they obey the rules prescribed by the methodological theory. If we change our attitude towards logicism and treat it as a scientific paradigm, this means that it is used as a guide for constructing explanatory theories for the science phenomenon. In this capacity, logicism may be a general psychological paradigm on the nature of scientific knowledge, and a general view of how scientists reason in fact, rather than a normative view of how they should reason or act. Thus, naturalized epistemology becomes part of psychology. The task of the epistemologist qua scientist is to propose hypotheses as to exactly what the rules of inference are. A theory which explains and describes the reasoning and action of scientists is an empirical theory which is testable and refutable. Violations of the empirical rules of inference will be treated as problems to be solved or anomalies to be explained.
Hence, logicism as a paradigm of rationality leads to prescriptions, whereas logicism as a scientific paradigm guides explanations. However, the distinction between the two attitudes is not as sharp as in the case where logicism is an aprioristic scheme. In our approach the methodological rules draw their justification in part from their interaction with actual inferential practice. Moreover, logicism as a paradigm of rationality is fed back indirectly by inferential practice through its interaction with the methodological rules (as can be seen from the diagram).
The switch from one attitude to the other is therefore not so drastic. When we are in the justificatory mode of the system and we face a situation where the methodological rules are violated in many cases, we have the option to modify or replace our methodological theory; for instance, we may replace naive inductive theory by a Bayesian theory of confirmation, or a naive falsificationism by a sophisticated one (Lakatos, [1970] ). If we cannot find a satisfactory logicist theory, however, we may look for another paradigm of rationality, but this weakens our normative stand significantly, for the following reason. In our search for a new paradigm, we aim at adopting a paradigm of rationality which will not clash too much with scientific practice. In other words, if we are willing to replace our paradigm of rationality in order to avoid the dilemma of the normative methodologist, we will adopt a paradigm which leads to a methodological theory which is not disconfirmed by scientific practice. In order to find out that this is the case, however, we must switch to the explanatory mode. In order to find out that a certain paradigm leads to a successful theory of science--i.e. a theory which does not clash too much with scientific p r a c t i c e w e must act as scientists rather than as normative methodologists. When such a paradigm is highly established throughout the theory it inspires, we might switch back to the justificatory mode and recommend that scientists employ the rules which are derived from our theory, knowing the limitations imposed on the normative strength of such recommendations.
In the above approach there is a smooth transition from justification to explanation and back since both have the same structure, i.e. the four-layered structure.
T H E DISCOVERY-JUSTIFICATION D I S T I N C T I O N
The Traditional D-1 Distinction
The discovery-justification (D-J) dichotomy is closely related to the descriptivenormative dichotomy. Hans Reichenbach introducted [1938] the distinction between the context of discovery, i.e, the actual processes leading to a new idea, and the context of justification, i.e. the way we validate the new idea. He maintained that the task of epistemology and philosophy of science is to deal only with the latter context, whereas the context of discovery is left to psychology, which can deal with the actual processes of thinking:
Epistemology does not regard the processes of thinking in their actual occurrence: this task is entirely left to psychology. What epistemology intends is to construct thinking processes in a way in which they ought to occur if they are to be ranged in a consistent system: or to construct justifiable sets of operations which can be intercalated between the starting-point and the issue of thoughtprocesses, replacing the real intermediate links. (Reichenbach [1938] , p. 5) Thus, epistemology is prescriptive ('ought') by virtue of its logical force, whereas psychology describes the actual ways we arrive at ideas. We may add also sociology, anthropology and even biology to the descriptive sciences which deal with discovery.
According to Harold Brown ([1977] , p. 1 30), two theses are built into the D-J distinction: (a) that there is a sharp line separating the two contexts, and (b) that only the context of justification is amenable to logical analysis. We should add a third thesis implicit in the distinction: (c) that descriptive science (e.g. psychology) is irrelevant to the context of justification. Thus, the context of discovery can be dealt with by descriptive science, whereas the context of justification is normative. The proponents of this view maintain that the philosophy of science is normative and that it is a logic of science which should therefore deal only with the context of justification. An important consequence is that the context of discovery is irrelevant to the context of justification, since it is alogical.
The most widely cited illustration for the above theses is Kekule's discovery of the ring shape of the Benzen molecule while he was daydreaming about a snake chasing its tail. It would be implausible to claim that this process of discovery is amenable to logical analysis. Since only logically valid arguments can lead to justification or to epistemic warrant, the context of discovery here is irrelevant to the justification of Kekule's theory.
It should be stressed that the so-called context of justification encompasses all kinds of implications for the validity of a hypothesis. These include, in addition to confirmation and acceptance, also disconfirmation and rejection. Thus the term 'justification' is somewhat misleading. Indeed, Karl Popper, who rejects justification and accepts refutation only, joins in on the claim that the context of discovery is irrelevant to the logic of science. This is one of the cornerstones of his philosophy:
The question how it happens that a new idea occurs to a m a n . . . . may be of great interest to empirical psychology: but it is irrelevant to the logical analysis of scientific knowledge. (Popper [1959], p. 31) The term 'context of evaluation' may therefore be more appropriate than 'context of justification'.
Thus, according to the proponents of the D-J distinction, a philosophy of science is a logic of science. This is perhaps one of the major assumptions which shaped the 20th century philosophy of science, which had been dominated by logical empiricism and its offspring.
2.2
Objections to the D-J Distinction and the Epistemic Dimension of Discovery
The Distinction Fails in the Nonaprioristic Approach
The first objection to the above view arises when we adopt a nonaprioristic approach to justification, such as Goodman's. We recall that according to his analysis, the principles of logical inference themselves are justified if they are in reflective equilibrium with inferential practice. Hence, those principles which confer justification upon scientific claims, and which supposedly eliminate descriptive psychology from epistemology, are themselves justified by reference to actual thinking processes. Which discipline then, if not empirical psychology, can determine what are 'the particular deductive inferences we actually make', as referred to by Goodman? According to this analysis the epistemic status of a claim depends, among other things, on actual inferential practice, which is susceptible to psychological study. Hence, one of the implications of Goodman's analysis is that thesis (c) which is implicit in the D-J distinction fails, and with it the whole distinction. Indeed, if descriptive psychology infiltrates the context of justification, how will we distinguish between the two contexts? In this case neither of the two contexts would turn out to be purely logical. It follows from this that neither of the sides of the D-J dichotomy has a unique epistemic status. A similar claim is raised by Hilary Putnam ( [ I 9 7 51, p. 2 68) : since the attempts to construct a logic of justification (such as inductive logic or probabilistic theories of confirmation) have failed, we may conclude that there is no valid algorithm of justification, but only maxims of justification, in scientific practice. Hence, the context of justification cannot be distinguished from the context of discovery, since both are guided by maxims; both contexts have the same epistemic status. Harvey Siege1 ([I9801 p. 301), however, raises an objection to Putnam's objection. He claims that the point of Reichenbach's distinction is that information relevant to the generation of a scientific idea is irrelevant to the evaluation of that idea: and this distinction between generation and evaluation (or discovery and justification) can be instructively maintained despite the fact that both contexts are guided by maxims.
Let us illustrate Siegel's claim by the following case. Suppose the construction of a theory is guided by maxims of adherence to a certain world view, or to some general theoretical principles. If, on the other hand, the maxims of evaluation depend only on the formal syntactic relations which hold between the theory and certain observational sentences, and not on the content of the theory, then justification does not depend on the maxims of discovery, which refer to the content of the theory. A simple example for such a situation is the case when the maxims of discovery demand that an explanatory theory of gas structure be corpuscularian and adhere to the mechanistic world picture, whereas the maxims of justification demand only that the logical implications of a theory match the observational results according to some formal confirmation theory. Here validation is indeed independent of the context of discovery.
Nevertheless, there is a serious flaw in Siegel's claim. By claiming that 'the point' of the D-J distinction is that the context of discovery is irrelevant to the context of justification, Siege1 ignores the epistemological import of the distinction. According to Reichenbach and his followers, the two contexts differ in their epistemic status; the context of discovery does not confer an epistemic warrant to the discovered idea, whereas the context of justification does. Hence, if both contexts are maxim-guided, the epistemological spirit of the thesis will be absent even in the event that the context of discovery is irrelevant to the context of justification. The latter will have no normative import, i.e. it will not have any epistemological superiority over the former as the thesis requires. Hence the irrelevance of the context of discovery to the context of justification is a necessary but not a sufficient condition for the D-J distinction thesis. Putnam's objection refers, therefore, to the absence of epistemic superiority for the context of justification when it is maxim-guided.
Discovery Is Relevant to Evaluation in the Dynamicist View
The second objection to the thesis arises when we notice that there are important situations in which the context of discovery is essential to the context of justification, and consequently a necessary condition for the D-J distinction thesis is not met, and the thesis fails.
A very important question which bears on the confirmation of a scientific theory is whether or not a certain event or phenomenon which is predicted by the theory was known at the time the theory was proposed. In scientific practice it is well-known that when the predicted event occurs, or is discovered, only after the theory was proposed, then the theory's degree of credibility rises considerably, provided that the event has not been expected on other grounds. Typical examples are the discovery of a new planet (Neptune) or a new particle (the omega minus), which are predicted by physical theories. This methodological factor cannot be explicated in a confirmation theory which depends only on syntactical or formal relations between the theory and observation statements, since such relations are timeless, i.e. are insensitive to time priorities. Let us illustrate this point by the following example. Let us consider Nicod's rule of confirmation which states roughly that sentences of the form (3x) (Ax & Bx) (i.e. 'there exists an object of the kind A with a property B') confirm the law-like statement (x) (Ax 3 Bx), i.e. 'every A is B'. This rule is insensitive to the question of when each statement became known to scientists. If our rules or maxims of justification are of the formal kind, like this one, then information as to how a claim has been arrived at is irrelevant to its confirmation. Typically, a formal rule of confirmation takes into account the final products of scientific discovery, i.e. the statements which describe laws and theories, without taking into account the history which led to their discovery. Thus the D-J distinction thesis fits in well with the ahistoric epistemological view, which maintains that all that is relevant to the validation of a claim is its formal structure and relations to other claims.
If we wish to stay close to actual inferential practice in science, however, we have to devise confirmation rules which will do justice to historical considerations such as the above one. With such rules, the question of whether or not a theory has been constructed with the knowledge of certain events will be relevant to the evaluation of the theory. The higher the percentage of facts previously unknown to the discoverer which is predicted by a theory, the higher will be the epistemic status conferred upon the theory by these rules. In such a case we can say that we have gained an epistemic profit from the theory. The theory is thus viewed from an epistemological point of view not as a finished product, but as a dynamic entity (see Kantorovich [1979] ); epistemology has to assess it in its historical context. We may draw an analogy with testing a person with respect to his ability to solve a problem; it is not enough to consider his final solution since he may have gotten information concerning the solution before the test. The dynamicist view can be summarized by the following words of Frederick Suppe: 'Full epistemic understanding of scientific theories could only be had by seeing the dynamics of theory development' ([1974] , p. 126). The D-J distinction therefore fails in the historicist view.
The Context of Discovery Has an Epistemic Dimension
If we assume that the search for truth is not blind, i.e. that among the infinite number of logically possible hypotheses humans frequently arrive, in particular in science, at hypotheses which later prove successful, it is unreasonable to exclude this fact from our epistemological discourse. We may require, therefore, that epistemology and philosophy of science account for this fact. According to this view science is not only an evaluator of ideas-whatever these may be-but more importantly a generator of successful ideas. Hence the ways by which humans, and in particular scientists, come to new ideas, are epistemologically important. There must exist a rational way to generate good ideas. We would otherwise be engaged in testing all kinds of hypotheses with no preferred direction, the chances for progress being accordingly diminished.
It may be instructive to draw an analogy with a sport such as running. The sport of running has two contexts, the context of training and the context of judging. According to the training-judging (T-J) distinction thesis there are no exact criteria as to how to produce a good athlete and to improve results. Only the measurement of the results achieved in a particular competition and the decision as to who is the winner are guided by exact criteria. Thus, the process of scientific discovery is analogous to the process of training. The product of the first process is a theory (or a law). The product of the second process is a trained athlete. The evaluation of a theory is analogous to the evaluation of the achievements of the athlete. The quality of a theory is judged with respect to its success in predicting empirical data and phenomena. The quality of an athlete is judged with respect to his scores in competitions. Furthermore, in the case of the sport of running, we cannot object to the claim that the methods of training and producing good athletes are irrelevant to the way of choosing the winner in a competition. Hence, according to the T-J distinction thesis, a 'philosophy' or methodology of this sport should concentrate only on the methods of judging. This thesis would surely seem to offer too narrow a view of athletics, since it ignores the major goal of athletics, i.e. the goal of generating good athletes and breaking records. Moreover, if the aim of athletics is ever-improving achievement, it would be irrational for someone who wishes to understand this human activity to be solely engaged with judging, and not at all with the methods of improving achievement. It is of course entirely rational to be interested in methods of judging, but why call this a 'methodology of athletics'; a better name would be 'methodology of judging athletics'.
The moral in this for the philosophy of science is that it will miss the essence of science if it concentrates solely upon evaluation. Rationality in science resides not only in the activity of testing theories, but also, and perhaps mainly, in the activity of generating theories which are good candidates for testing. If science had been engaged only in testing theories, with no regard to which theories it was testing, it would have been in compliance with the D-J distinction thesis, but it is very doubtful that it would have arrived at its spectacular achievements in understanding and mastering natural phenomena.
Hence, the process of scientific discovery seems to be essential for the growth of scientific knowledge. With respect to this point, Popper says ([1969] , p. 21 5) that 'continued growth is essential to the rational and empirical character of scientific knowledge'. Popper stresses that the way of growth as he conceives it-i.e. by conjectures and refutations-is responsible for the rational and empirical character of science. However, he maintains that it is not the business of (logical) epistemology to study the process of arriving at a new conjecture. But if the generation of conjectures were not guided by a mechanism of some epistemological merit, scientists would be engaged in criticizing slack hypotheses which lead nowhere. Hence, one of the tasks of explanatory epistemology should be to investigate this mechanism for generating conjectures.
A nonlogicist paradigm of rationality may have implications for the structure of scientific discovery. It may yield a theory of scientific knowledge which will explain both generation and evaluation of conjectures. Popper himself paved the way for such a theory, i.e. evolutionary epistemology, which was developed by Donald Campbell and his followers (see 'Evolutionary Epistemology Bibliography' in Callebaut & Pinxton [1987] ). Evolutionary epistemology starts with the model of natural selection, which is based on blind variation. This model complies with Popper's view that theories are not constructed or inferred from observational data, or that theory-construction is logically blind to the data. However, different versions of evolutionary epistemology employ a variety of biological models for generating variations which have direct implications for the context of discovery. For example, a particular interpretation of the very model of blind variation, which employs the notion of serendipity, has essential implications for the structure of the process of discovery (see Ne'eman and Kantorovich [forthcoming] ). This interpretation suggests that the most significant blind discoveries are made when scientists try to solve a given problem, or study a given phenomenon, but end up solving unintentionally another problem, or discovering a new phenomenon (e.g. Kepler, Planck, Roentgen and Fleming). This view of scientific discovery, which is related to certain biological models exhibiting stepwise evolutionary progress, leads to the conclusion that scientists do not gamble blindly with nature. Rather they should expect to make unexpected discoveries while being engaged in directed problem-solving within the framework of their current research programs. Evolutionary epistemology provides us, therefore, with examples of explanatory theories of scientific knowledge based on the evolutionary paradigm of rationality, which deal with both the contexts of discovery and evaluation and which are potentially prescriptive in the sense explained in Section 1.2.4.
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